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■pacific  gravity  below  9 g/atir  and  a reasonably,  low  oxidation  rate*  (leas 
than  10"^g^/cn^.aec  at  1150  C). 


Their  properties  are  sunmarlaed  below: 


Alloy 
' ays tan 


Butectlc 
beiAhh.r*tur« 
(dag.  C) 


Eutectic 
oompoaltlon 
(wt  %) 


Oxidation  rate 
at  1130  c in 
flowing  oxygen 


m-cr-Ti 

1220 

54.2 

4.6 

41.2 

Co-Al-Nb 

1240 

73.7 

3.2 

23.1 

Co-81 -Zr 

1240 

82.5 

4.5 

13 

Co-Cr*Nb 

1280 

70.5 

18.5 

11 

Co-Cr-Mo 

1340 

59.9 

12.2 

27.9 

10 

10* 

10 
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6.5  X 10 
1.3  X 10* 


TheMs  propartlsa  are  comparablQ  to  those  of  the  preaently  most  advanced 
eutectic  auperalloys,  such  as  Nl‘‘2.5Al-19.7Nb‘*6Cr  or  Co-20TaC-15Cr*'8.5Hl‘‘ 
6w>  Their  oxidation  rates,  already  comparable  to  that  of  Co-TaC,  measured 
In  the  present  study,  could  be  further  Improved  by  compositional  adjust- 
ments • 

These  results  were  obtained  on  the  basis  of  a screening  of 
available  phase  diagrams  for  1U7  alloy  systems  based  on  Nl,  Co  and  Fe, 
from  which  52  alloy  systems  were  retained  for  further  study.  Twenty-eight 
■imple  ternary  systems,  either  not  previously  evaluated  or  not  described 
In  sufficient  detail,  were  examined  experimentally  by  preparing  sevoral 
samples  of  compositions  close  to  that  determined  by  a semi-emplrlcal 
graphical  method  as  closest  to  the  expected  eutectic.  As  a result,  22 
eutectics  were  Identified  and  characterized  In  terms  of  melting  temperature, 
mlcrostructure  and  estimated  density.  Of  these,  10  eutectics  were  found  to 
meet  the  objoctlves  of  a melting  point  above  1200  C,  a "regular"  micro- 
structure  presumably  amenable  to  directional  solidification  and  a danalty 
below  9 g/^  They  ware  therefore  subjected  to  a ayatamatlc  Investigation 
of  thalr  oxidation  raaiatanca,  leading  to  the  Identification  of  tha  5 


promising  autactlca  previously  mentioned 


K 


The  remaining  24  alloy  systems  were  not  screened  because  of  time 
and  funding  constraints. 
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ABSTRACT 


The  aln  of  the  present  alloy  acreenlng  program  waa  to  Identify 

new  eutectic  superalloya  suitable  for  the  manufacture  of  directionally 

solidified  turbine  blades  operating  at  up  to  IISO  C«  In  the  course  of 

this  program!  five  eutectics  not  previously  Inveptlgated  have  been  found 

to  meet  the  corresponding  objectives  of  a melting  point  above  1200  C,  a 

i 

specific  gravity  below  9 g/cm  and  a reasonably  low  oxidation  rate  (leas 
than  I0"^g*/cm^.sec  at  U50  C). 

Their  properties  are  summarised  belowi 


Alloy 

system 


Eutectic 
temperature 
(dsg*  C) 


Eutectic 

composition 

(w-  y.) 


Oxidation  rate 
at  1130  C In 
flowing  oxygen 
„ -(g:,ZSB^tJig) 


Nl-Cr-Tl 

1220 

54.2 

4.6 

41.2 

10 

Co-Al-Nb 

1240 

73.7 

3.2 

23.1 

io“ 

Co-81 -Zr 

1240 

82.5 

4.5 

13 

m 

10 

Co-Cr-Nb 

1280 

70,5 

18.5 

ll 

6.5 

X 10 

Co-Cr-Mo 

1340 

59.9 

12.2 

27.9 

1.3 

X 10 

8 

7 

7 

-8 

-8 


These  properties  are  comparable  to  those  of  the  presently  most  advanced 
eutectic  superalloya,  such  as  Nl~2.SAl'*19.7Nb'*6Cr  or  Co~20TaC«15Cr»8>SNl’' 
6Wf  Their  oxidation  rates,  already  comparable  to  that  of  Co-TaC,  measured 
in  the  present  study,  could  be  further  Improved  by  compositional  adjust- 
ments. 

These  results  were  obtained  on  the  basis  of  a screening  of 
avallablo  phase  diagrams  for  107  alloy  systems  based  on  Nl,  Co  and  Pe, 
from  which  52  alio-'  systems  were  retained  for  further  study.  Twenty-eight 
simple  ternary  systems,  either  not  previously  evaluated  or  not  described 
in  sufficient  detail,  were  examined  experimentally  by  preparing  several 
samples  of  compoaitlons  close  to  that  determined  by  a semi -empirical 
graphical  method  as  closest  to  the  expected  eutectic.  As  a result,  22 
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•ut«ctics  v«ra  Idaatifltd  and  charactoriaad  In  terna  of  malting  tamparatura, 
mlcvoattuctuta  and  aatlmatad  danalty.  Of  tbase,  10  eutactlca  wera  found  to 
maat  the  objactlvaa  of  a melting  point  above  1200  C,  a "regular"  micro- 
atructura  praaumably  amenable  to  directional  solidification  and  a density 
below  9 g/cm  • they  ware  therefore  subjected  to  a systematic  investigation 
of  their  oxidation  raalatancai  leading  to  tha  identification  of  the  5 
promising  auteotlcs  previously  mentioned. 

The  remaining  24  alloy  ayatems  are  being  aoreaned  in  a 
continuation  of  this  research  effort  which  will  be  aubeuquently  reported. 

Aa  a result  of  this  study  further  work  U recrmmendad  in  tha 
following  areas t 

a investigation  of  the  24  alloy  syatecia  selected  but  not 
experimentally  atudled  In  the  reported  study 

a improvement  of  the  oxidation  resistance  of  the  already 
identlfiad  eutectloa  by  increasing  their  content  in 
chromium  and/or  aluminum. 

e evaluation  of  the  tensile  and  creep  strength  of  the  five 
identified  eutectics  on  the  basis  of  directionally  solidi- 
fied samples. 

a invoatigatlohi  using  the  rapid  screening  procedure  developed 
in  this  study, of  quasi -ternary  systems  containing  rafractory 
reinforcing  phases  such  as  carbides,  nitrides  end ‘sillcldes. 
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I.  a^ISQP.VCT^p^^ 

Directional  solidification  allows  the  fabrication  of  gas  turbine 
blades  with  no  grain  boundaries  perpendicular  to  the  major  stress  direction, 
which  therefore  exhibit  superior  creep  and  tensile  strength.  Furthermore, 
in  directionally-solidifying  eutectic  superalloys,  the  aligned  phases  are 
finely  divided,  with  no  lower  melting  point  components  in  between.  This 
results  in  a particularly  high  bond  strength  at  temperatures  close  to  the 
eutectic  melting  point. 

The  state  of  the  art  in  the  field  of  directionally  solidified 
eutectics  has  been  reviewed  recently  at  two  Conferences  on  In-Situ  Composites 
held  in  1972^^^  and  1975^^\  respectively.  Review  papers  have  also  been 
published  by  Hogan,  et  al,^^^  as  well  as  Thomp^jon  and  Lemkey^^^.  Only  a 
sm^-Ll  number  of  eutectic  systems  show  promise  for  use  as  gas  turbine  blade 
materials.  Among  these  systems  ares  Ni-Al-Nb^®’*^\  Co-TaC^^*®*®^ , and 

In  Che  development  of  these  very  selectively  chosen  alloy  systems, 
other  eutectics  might  have  been  overlooked.  For  this  reason,  the  present 
study  was  aimed  at  rapidly  screening  as  many  alloy  systems  as  possible  in 
an  attempt  to  identify  those  having  potential  for  use  as  gas  turbine  blade 
materials. 


II.  SCOPE  OF  THE  PROGRAM 

The  present  program  consisted  in  a wide  screening  of  alloy 
syatems  limited  Co  those  based  on  Ni,  Co  or  Fe  and  containing  two 
reinforcing  phases. 
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The  matrix  la  eompoaed  of  Nl,  Co  or  Fe»  containing  in  solid 
solution  significant  amounts  of  transition  metals,  such  as  Cr,  and  amounts 
of  non-transitional  elements  such  as  Al.  The  function  of  Cr  or  A1  would  be 
principally  to  Improve  tho  oxidation  characteristics  and  mechanical  proper** 
ties  (by  y'-NijAl  atrengthenlng,  for  example)  of  the  matrix. 

The  second  alloying  element  would  form  an  intermetallic  compound 
with  the  matrix  as  a result  of  the  eutectic  reaction.  These  elements  include 
Tl,  Zr,  Hf,  V,  Nb,  Ta,  Cr,  ... 

A third  constituent  la  a non-transitional  element  which  forma 
strong  covalent  compounds  with  the  matrix.  Such  elements  include,  B,  Al, 

C,  Si,  N and  F.  These  elements  have  a relatively  small  solubility  In  the 
matrix  phase  and  would  be  expected  to  provide  a strongly  bonded  compound 
phase  with  high  strength  and  stiffness.  Some  of  them  (B,  Al,  and  Si)  would 
be  expected  to  have  potential  for  modifying  the  scaling  characteristics  in 
a beneficial  way. 

The  specific  objectives  were  to  identify  eutectics  not  previously 
Invaatigated  having  a melting  point  higher  than  1200  C which  should  In 
addition,  by  their  oxidation  resistance,  show  promise  for  use  as  direction- 
ally  solidified  blades  in  gas  turbines  under  operating  conditions  of  1000 
hours  at  1130  C (2100*F). 

3 

They  should  also  exhibit  a density  not  in  excess  of  9 g/cm  and 
a microstructure  making  them  readily  amenable  to  directional  solidification. 
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The  approach  includes  (1)  selecting  the  alloy  systems  and  (2) 
determining  the  compositions  to  be  prepared  for  Che  experimental 
screening. 


lll-l. 


The  ternary  alloys  effectively  considered  within  the  scope  of 
Che  program  are  schematically  illustrated  in  Fig.  1.  Fig.  la  represents 
3 matrix  elements  (Ni,  Co,  Fe)  x 4 non-transitional  elements  (B,  Al,  C,  Si) 
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X 7 transitional  elements  (Tl«  Zr,  H£,  V,  Nb,  Ta,  Ct)  <■  84  alloy  systems, 

If  these  elements  are  taken  one  by  one  In  each  group. 

In  the  course  of  the  evaluation  of  available  data  It  was  found 
that  the  Nl-B,  Co-B  and  Fe-B  binary  eutectics  had  a melting  point  too  low 
(about  1100  C)  to  meet  the  objectives  of  this  program.  The  possibility 
of  raising  the  melting  point  of  the  B-contalnlng  alloys  was  explored  by 
Introducing  that  element  as  a borocarblde.  Since  compounds  such  as 
M02BC  have  a melting  temperature  the  order  of  1800  C,  a pseudo -binary 
eutectic  between  these  compounds  and  the  matrix  element  could  present 
a desirably  high  melting  point.  Two  such  systeus,  Nl-Nb-B-C  and  Nl'Mo-B-C 
have  been  retained  for  experimental  Investigation  In  the  present  study. 

Additional  alloys  having  as  matrix  Nl,  Co  or  Fe  with  Cr  In 
solution  were  considered  because  such  a matrix  was  expected  to 
present  an  oxidation  resistance  better  than  that  of  a pure  metal  matrix. 

These  Include  21  systems  composed  of  a Nl(Cr),  Co(Cr)  or  Fe(Cr)  matrix  and 
one  of  the  following  transitional  elements:  Ti,  Zr,  Hf,  V,  Nb,  Ta  and  Mo, 

They  are  schematically  represented  In  Fig.  lb. 

These  simple  systems,  not  containing  B,  C,  A1  or  81,  were  given 
priority  In  the  Investlgati'on.  The  objectives  of  the  present  program  would, 
however,  justify  further  work  to  Investigate  more  complex  (four  constituents) 
alloy  systems  composed  of  a matrix,  one  element  chosen  among  B,  C,  Al,  SI 
and  one  among  the  group:  Tl,  Zr,  Hf,  V,  Nb,  Ta,  Mo,..  The  oxidation 

behavior  of  the  matrix  could  also  be  enhanced  by  using  Al:  alloys  including 
four  constituents  (Nl,  Co  or  Fe,  Al,  + 2 alloying  elements)  could  similarly 
be  considered  for  Investigation.  A total  of  107  alloy  systems  have  thus 
been  evaluated  In  the  present  study.  Out  of  these,  alloy  systems  showing 
promise  and  worthy  of  further  experimental  Investigation  have  been 
selected  on  the  basis  of  the  following  criteria:  (1)  the  expected  eutectic 

has  not  been  the  object  of  a previous  experlmentol  study  and  (2)  only  com- 
binations of  constituents  pro(,entlng  binary  eutectic  temperatures  higher 
than  about  1250  C were  considered  In  order  for  the  resulting  ternary 
eutectic  temperature  to  be  likely  to  meex  the  1200  C objective. 

Among  the  alloy  aystoms  meeting  these  criteria,  those  having  the 
highest  binary  eutectic  temperatures  have,  In  general,  been  investigated 
first.  Other  considerations,  such  as  expected  density  and  oxidation  reals- 
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FIG.  1.  SCHEMATIC  REPRESENTATION  OF  T^IE  THREE  CONSTITUENT  ALLOY 
SYSTEMS  SCREENED  IN  THE  PRESENT  PROGRAM. 

(a)  Ni,  Co,  Fe  matrix 

(b)  Ni(Cr),  Co(Cr),  Fe(Cr)  matrix 
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t«ncft,  h«v«  «lio  ln£lu«n''«d  th«  order  In  which  the  elloy  eyeteme  have  been 
experinentelly  examined.  Teblei  1 to  4 sinanariee  the  aelectlon  procees 
by  Indicating  the  alloy  ayatems  not  retained  after  acreanlng  and  thoae 
experimentally  Inveatlgatad  in  the  preaent  atudy. 

In  theae  tables^  alloy  eyetama  are  Indicated  that  had  been  alao 
retained  after  the  theoretical  aereening  but  were  not  experlnentally 
Inveatlgated  within  the  praeent  atudy  for  lack  of  time. 


m-2.  smcTioM  Qg  mm  coMfoaiTions  to  bb  PRKPAaap 
M,TM.  BttMMMBWTAl  -SCBBffiiffifi 

After  having  been  aelected  In  terma  of  Ita  expaotad  melting 

temperature  I denalty  and  oxidation  reelatance»  each  alloy  aye tern  wae 

experimentally  Inveatlgated  in  order  to  identify  a poaalbla  eutectic.  The 

paucity  of  Information  exlatlng  on  ternary  phaae  dlagrama  made  It  Im* 

poaelble  to  obtain  the  exact  compoeltlon  of  the  ternary  eutectic.  A rapid 

aeml -empirical  method  waa  therefore  utlllaed  to  determine  the  approximate 

compoeltlon  of  the  expected  eutectic. 

Several  approachea  have  been  dealgned  In  the  past  In  order  to 

provide  data  on  unknown  multi -component  ayatemi.  An  empirical  approach  to 

the  problem  haa  been  auggeated  by  Hanak^^^^  to  produce  multi -component 

matarlala  by  co-aputterlng  of  their  conatltuenta  onto  a aubatrate.  Computer 

calculationa  baaed  on  consideration  of  the  atructure  and  the  Olbba  free 

energy  of  the  known  binary  phaae a have  been  made  to  predict  thoae  In  the 

(19  20  211 

ternary  phoae  diagram'  ' * Characterlatlca  of  unknown  phaae  dlagrama 

have  alao  been  predicted  by  applying  to  them  patterna  evolved  from  u 

/22) 

atatlatlcal  analyala  of  thermodynamic  data  on  known  ayatama'  A recent 

(231 

review  article  dlaouaaea  these  methods'  . 

Theae  tools  have  been  designed  to  provide  knowledge  on  new  phaae 
diagrams  and  are  not  advantageously  applicable  to  the  present  work,  because 
they  are  either  too  time  consuming  or  limited  by  the  availability  of  thermo- 
dynamic data,  or  both. 

Since  the  objective  of  this  program  Is  to  rapidly  screen  as 

many  alloy  systems  and  compoaltlons  as  possible,  an  empirical  approach 

(241 

making  use  of  the  general  knowledge  of  ternary  phase  diagrams'  ' and  con- 
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TABLE  1.  SCREENING  OF  Ni-BASB  ALLOYS 


X Nl-B  eutectic  tempereture  (1140)  leee  thea  1250  G 

(Ni-Nb-B-C  end  Ni‘*Mo»B**C  experimentally  inveatigated 
In  preaent  atudy) 


Al-Kf  phaeo  diai^ram  unknown 
no  binary  Al-V  outeotio 
previoualy  inveatigated  (1*  2,  ii|  5,  6) 
prcvioualy  invaatigatod  (11) 

previoualy  inveatigated 

previoualy  investigated  (l4) 

previoualy  inveatigated  (l4) 
previoualy  inveatigated  (l4) 


ternary  eutectic  very  rich  in  Cr  (15)  expected  to  be 
too  brittle 


♦ j alloy  aelected  and  experlnentally  Inveatigated  In  the  present  atudy 

X » not  retained  for  experl mentiU.  invnntigntion 
0 t aelected  alloy  not  experimentally  investigated  in  the 
present  study 
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TABLE  2.  SCREENING  OV  Co-BASB  ALLOYS 


Ti*^ 

Sl> 

Mf 

V 

L • Co*D  autaotlo  temporaturo  (l  106 

Kb 

T*  , 

Cir ^ 

1 

Ti  < 

» 

Br  ^ 

Kf  X Al-Hf  phM*  dinerim  unknovn 

V 1 

K no  Al-V  autaetlo 

Hb  • 

> 

Ta  • 

Cr  0 

Tl  J 

t pravlously  Invaatlgatad 

(IM 

Zr  • 

Kf  i 

K pravlously  Invostigatad 

(IM 

V ) 

K pravlously  Invostigatad 

(lb) 

Kb  \ 

s pravlously  Invostigatad 

(lb) 

Ta  j 

K pravlously  Invastigatsd 

(12.13) 

Cr  ! 

K pravlously  invastigatsd 

(12,13) 

Ti  • 

» 

Sr  • 

k 

Kf  • 

0 

V 

f 

Kb  < 

0 

Ta 

D 

Cr 

a 

+ t «lloy  MUctad  and  axparinnantally  Invaatlgatad  In  tha  praaant 
■tudy 

X : not  ratalnad  for  axpartnantal  Invaatlgatlon 


0 ! •alactad  alloy  not  axparinantaUy  Invaatlgatad  In  tha  praaant 

•tudy 
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TABLE  3.  SCREBMQia  OF  F«-BA8B  ALLOYS 


Hh  t alloy  aalactad  and  axparlman tally  Invaatlgatad  in 
tha  praaant  atudy 


X : not  ratalnad  for  exparlnantal  Inveatlgatlon 

o : ae  lac  tad  alloy  not  axperliaan tally  Invaatlgatad  In 


praaant  atudy 


Fa-B  autactlc  tamparatura  (1060  C)  laaa 
than  1250  C 


Fa-Al  autaotio  tamparatura  (1160  0)  laaa 
than  1250  C 


Fa'C  autactlc  tamparatura  (1153  G)  laaa 
Chan  1250  C 

(Fa“C"Cr  pravloualy  Invaatlgatad^^* ^ 


TABLE  A.  ICUnilMO  OF  Mi(Cr),  Co(Cr),  Fa  (Or)  • BASE  ALLOTI 
XNVIfTIOATED  IN  THE  FREaBNT  STUDY 


4-  I alloy  aalaetad  and  axparlnantally  Invaatlgatad  In 
tha  praaant  atudy 

a I not  ratalnad  tor  axpurinantal  Invaatlgatlon 

0 t aalaetad  alloy  net  axpariaantally  Invaatlgatad  in 
tha  praaant  atudy 


Co(Cr) 


Fa  (Or)  T1  -f 


11^'  ' < 


V X no  Cr*V  autaetlc 


V X no  Cr*V  autactlc 


V X no  Or‘V  autactlc 
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talning  « etrUin  «aount  of  trial  and  error  haa  bean  prafarrad.  Tha  ehoioa 
of  a compoaltion  llkaly  to  ba  cloaa  to  tha  autactlo  vaa  made  baaad  on  a 
traatnant  evolved  by  Hubert'  * for  a number  of  modal  tantary  ayatama  of 
Co,  8n.  Zn,  In,  and  Pb. 

According  to  thla  treatment,  the  region  moat  llkaly  to  contain 
a ternary  autactlo  la  tha  triangle  delineate^  by  tha  three  attaint  llnea 
Joining  tha  oornara  of  tha  concentration  diegram  to  the  eutectic  compo- 
altlon  on  the  oppoalta  aide.  Ihla  conatructlon  la  llluatratad  In  Vlgura  2 
for  tha  Co‘^r<^  alloy  ayatam.  In  tha  preaant  enparlMMntal  acraanlng,  tha 

I 1 - ' . 

flrat  alloy  compoaltlon  to  be  prepared  vac  that  rapraaantad  by  tha  center 
of  gravity  of  auoh  a triangle  on  tha  tarnary  phaaa  diagram*  Thla  point, 
oorraapondlng  In  the  above  example  to  ?9  0o*45  Cr-1$  Ho  (in  vt  %),  provided 
an  emplrloal  atartlng  compoaltlon  in  tha  preparation  of  aamplaa. 
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The  validity  of  tha  traatmant^^^^  uafd  to  predict  tha  tarnary 
autaotlo  compoaltlon  vaa  evaluated  by  comparing  the  Ingot  compoaltlon 
Initially  prepared  (rapraaantad  by  tha  canter  of  gravity  of  tha  triangle 
moot  likely  to  contain  the  autaotlo)  and  the  actual  auteetlc  compoaltlon, 
aa  meaaurad  by  alactron*probo  microanalyaia  of  the  aamplea. 

Vrom  auch  a comparloon,  It  vaa  found  that,  out  of  tha  10  meaaurad 
eutectic  oompoaltlona,  7 of  them  did  lie  In  the  triangle  of  hlghaat  expac** 
tancy,  aa  ahovn  balov  In  Table  i. 


TABU  3.  COMPARISON  BBTHEBN  THSORBTICALIY  PREDICTED  AMD  MIASURSD  BUTBCTIC 
COMPOSITIONS  (^INDICATES  A MBASIMD  BVTBCTIC  COMPOSITION  LYING 
WITHIN  THB  TRIAMOU  OP  HIGHEST  EXPECTANCY) 


Initial  alloy  compoaltlon 

thaorawlcally  oloae  to  tha  Meaaurad  eutectic 

Alloy  ayatam  eutectic  (wt  %)  compoaltlon  (ut  X) 


Nl-Al-Tl 

80.5 

6.0 

13.5 

74.0 

6.0 

20.0 

Nl-Cr-Ti 

51.0 

3v.5 

14.5 

54.2 

4.6 

41.2* 

Nl-Cr-Nb 

44.1 

42.0 

13.9 

55.0 

25.0 

20.0 

Co-Al-Nb 

75.8 

2.5 

21.7 

73.7 

3.2 

23.1* 

Co-Al-Ta 

64.2 

4.8 

31.0 

67.0 

0.5 

32.5* 

Co-Sl-Zr 

78.1 

4.6 

17.3 

82.5 

4,5 

13.0* 

Co“Cr-Nb 

55.1 

19.4 

25.5 

70.5 

18.5 

11.0 

Co"Cr-Mo 

39.0 

45.1 

' 15.9 

59.9 

12.2 

27.9* 

Fe-Sl-Ti 

68.1 

10. 1 

21.8 

77.0 

7.0 

16.0* 

TfSl'Zr 

74.5 

5.1 

20.4 

77.9 

7.9 

14.2* 

716URB  2.  SELECTION  OF  ALLOY  COMPOSITIONS  FOR  EXPERIMENTAL  SCREENING. 
Th«  sh«d«d  trltngl*  tndtc«t«§  tho  «r«a  wh«te  a tarnary 
autactlc  la  llkaly  to  bt  found 


SSS/.liliiiiijivVi/'n  •..Vi'.;', , ','VHiViiil 


ll 

IV.  BXPMllHBNTAL  8CRKKNINQ 

the  proceai  of  identifying  end  characterising  a eutectic  included 
the  foUoving  steps t <t)  preparation  of  alloy  compositions,  (2)  measurement 
of  the  eutectic  temperature  and  (3)  measurement  of  the  eutectic  composition. 
Each  of  these  steps  is  described  below. 

xv-1.  nggABAtttti.  .01,  AiMY,,  MwroiimqHg 

The  initial  alloy  composition  to  be  prepared  was  darivfd  from  the 
se«i*^pirioal  treatment  deecribed  above. 

Sdsiplea  for  aoreening  were  prepared  using  metals  of  purity  99.97% 
or  batter.  Appropriate  amounts  ot  charge  materials  were  melted  in  a water- 
cooled  silver  boat  arrangement  shown  sohematioally  in  Pig.  3.  This 
technique  is  best  suited  to  produce  small  ingots  from  high  purity  materials 
without  contamination  from  the  crucible.  In  the  set-up  utilised,  the 
charge  materials  wars  molted  and  kept  melted  for  a few  minutes  by  induction 
heating  (22  kw  at  300  kHs)  under  a protective  argon  atmosphere.  Residual 
oxygen  contained  in  the  argon  was  trapped  by  a heated  titanium  sponge  to 
further  protect  the  sample  from  oxidation.  The  resulting  ingot  (SO  to  80  g, 
about  6 cm  long)  was  cut  into  pieces  that  were  placed  agaiu  in  the  silver 
boat  and  remelted  to  improve  alloying.  An  average  of  four  successive 
melting  operations  was  found  necessary  to  achieve  sufficient  alloying  of  the 
charge  materials. 

The  sample  of  the  initial  composition  was  metallographically 
examined  for  the  presence  of  a eutectic.  If  none  was  observed,  additional 
ingots  ware  prepared  to  cover  a range  of  compositions  within  a few  percent 
of  the  Initial  composition.  This  was  done  in  an  attempt  to  detect  a 
eutectic  chat  might  have  been  missed  in  the  initial  sample.  If,  however, 
none  of  these  samples  was  shown  by  metallographic  observation  to  present 
a eutectic,  the  Inveetigation  of  the  relevant  alloy  system  was  halted.  If, 
on  the  other  hand,  the  sample  initially  prepared  was  observed  to  contain 
some  eutectic  between  islands  of  a primary  phase,  a second  alloy  compo- 
sition was  prepared  in  an  attempt  to  increase  the  proportion  of  eutectic. 

In  this  new  sample,  the  composition  was  shifted  away  from  the  constituent 
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of  the  primary  phase.  Indioatlons  as  to  the  nature  of  the  primary  phaaa 
were  provided  by  its  appearance  upon  chemical  etching.  The  procedure  was 
repeated  until  the  eutectic  represented  20  to  40%  of  the  metallographlc 
section,  a proportion  aufficient  to  allow  convenient  measurement  of  the 
eutectic  temperature  by  differential  thermal  analysis  and  of  the  compo- 
sition by  mleroprobe. 

IV«2.  MBAaURKMKNT  OF  THE  EUTKOTIC  TKMP8RATURE 

In  each  sample  thus  obtained,  the  eutectic  temperatute  was 

measured  by  differential  thermal  analysis  using  a "Llnseis"  apparatus 

2 

and  Pt/Pt-10  Rh  thermocouples.  For  this,  a specimen  of  about  0.1  cm 
in  volume  was  placed  in  a recrystalliaed  alumina  oruoible. 

Heating  and  cooling  of  the  apeoimen  was  carried  out  under  argon 

at  a rate  of  6 G/min.  The  cycle  waa  rapeatad  for  each  specimen.  Temper- 
atures wero  measured  within  t 2C.  k eutectic  waa  retained  for  analysis 

of  its  composition  if  its  melting  temperature  was  measured  as  being  not 

lees  than  1200  C. 

.gfiMEgaiiiTOg 

The  composition  of  a eutectic  meeting  the  melting  temperature 
criterion  was  then  measured  by  means  of  an  X-ray  mioroprobe  attached  to  a 
Cambridge  Kent  "Stereoscan"  Scanning  Electron  Microscope.  Measurements  were 
carried  out  on  a wafer  about  1 cm  x 1 cm  cut  from  the  silver  boat  ingot. 

On  such  a specimen,  several  point  counts  could  be  averaged  which  were  ob- 
tained by  displacing  the  electron  beam  within  the  eutectic.  As  the  sise  of 
the  beam,  about  5 was  larger  than  the  thickness  of  each  phase  in  the 

eutectic,  this  technique  permitted  the  overall  eutectic  composition  to  be 
obtained  by  averaging  each  composite  measurement.  The  precision  thus 
obtained  wes  such  that  ingots  later  prepared  on  the  beaia  of  this  detenni- 
netion  preeentad  a pure  eutectic  structure. 

This  Indlceted  that  the  accuracy  In  the  anelysia  waa  of  the  eeme 
order  at  that  with  which , the  alloy  compoaltiona  can  be  prepared  in  the 
•liver  boat,  t.e.,  within  0.2  to  0.5  wt  % of  the  composition  sought  for, 
depending  on  the  alloy. 
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Th«  •xperlin«tit«l  acveanlng  wai  found  to  raqulra  the  preparation 
of  an  average  of  three  alloy  cotnpoaltlona  for  each  alloy  ayatem.  The 
direct  analyala  ou  the  allver  boat  sample  rendered  unecceeaary  the  Inter- 
mediate step  of  Bone  melting  to  Isolate  multi -component  eutectlca^^^^  en- 
vlaaged  at  the  beginning  of  the  present  program. 

IV-4.  lomism  MEASURPgNTS 

The  eutectic  eamples  cast  for  the  oxidation  studios  (aea  below) 
wars  also  used  for  density  measurements.  The  latter  was  derived  from  the 
volume  of  water  displaced  by  a cylinder  of  known  weight,  1/2  cm  in  diameter > 
I on  long,  machined  from  the  oaat  ingot. 
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IV -S.  QXlBMlaBL8MB8 

The  oxidation  studiea  were  carried  out  on  1 cm  x 1 cm  ooupona  cut 
from  the  allvar-boat  Ingote.  Soma  auch  ingota  wort  found  inappropriata  for 
the  meaauramonta,  due  to  the  preeenoe  of  poroaity  cracks  or  to  their  email 
aisa.  In  these  caaaa,  additional  castings  of  the  alloys  wars  made  in  an  alumina 
oruoiblc  under  ergon  in  a Balsars  induction  furnace  of  40  kw  power.  From  the 
resulting  ingot  (cylinders  at<out  4 cm  high,  :)  cm  in  dlametsr),  1 cm  x 1 cm 
coupons  were  out  for  the  oxidation  taata. 

The  spaclnans  were  oxidised  leotharmally  at  1150  C in  alowly 
flowing  oxygen  under  100  mm  Hg  praeauro  In  a tharmobalanca.  All  apaclmona 
ware  pollehed  through  600  SIC  grit  papers,  1 jum  diemond  end  0.03  /j,m  Al20^ 
paste,  and  degreased  before  oxidation.  Characterlsstlon  of  the  oxidation 
behavior  waa  by  maaauramant  of  oxidation  klnatlca  (calculation  of  the 
parabolic  rate  conatant,  k^,  where  applicable),  end  by  optical  metallo- 
graphy. The  oxidation  rataa  thue  measured  ware  compared  to  three  reference 
alloyst  Co-35  Cr  (9.75  x lO’^^g^/cm^.sec.)  and  Co-lO  Cr  (l.ll  x I0"^g*/ 
cm^.seo)  for  Co-beee  alloye  end  to  Nl-30Cr  (2,68  x 10"U  g^i/cm^. sec.) •) 
for  Nl-bese  alloys,  as  well  ea  to  two  of  the  eutectic  elloye  moat  developed 
to  date  I Ni-2.5  Al-19.7  Nb-6  Cr  (not  parabolic,  similar  to  Ni-30Cr)  and 
Co-20  TsC-15  Cr-8.5  Nl-6  W(l.63  x I0"®g2/cn^ . sec) . These  five  tefsrunce 
ulloy  systems  were  tasted  In  the  present  study  on  spscltnens  prepared  ae 
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Indicated  above,  and  representative  kinetic  curves  and  metallographlc 
cross  sections  of  the  scale  formed  are  presented  as  appropriate  In  the 
following  sections.  A tabulated  summary  of  the  oxidation  behavior  of  all 
alloys  tested  Is  presented  In  Appendix  B. 

In  addition  to  these  detailed  oxidation  studies,  quick  preliminary 
tests  of  oxidation  resistance  were  performed  on  Ni-Cr-Nb,  Co-Cr-Mo  and  the 
three  following  systems:  Nl-Sl-V,  Co-Sl-V  and  Fe-&1**V,  to  which  the  presence 
of  vanadlvmi  was  expected  to  confer  a poor  oxidation  behavior.  In  these 
tests,  the  specimens  were  held  at  1150  C In  static  air  for  25  hours.  The 

three  V>contalnlng  sample s were  found  to  have  a catastrophic  oxidation  rate 

2 2 
(900  mg/cm  ) compared  to  Kl-Cr-Nb  and  Co-Cr-Mo  (20  mg/cm  ),  reference  alloys 

also  studied  in  the  detailed  oxidation  tests  described  above. 


V.  EXPJ5RIMENTAL  RESULTS 

In  the  alloys  experimentally  Investigated  In  the  present  study, 

22  eutectics  have  been  identified.  Out  of  these,  10  eutectics  have  been 
investigated  to  determine  their  melting  temperature,  composition,  density 
in  some  cases,  and  oxidation  resistance.  The  remaining  12  identified 
eutectics  have  ^not  been  retained  for  further  consideration  because  the 
measured  eutectic  touperature  was  below  the  1200  C objective  (Ni-Al-Zr, 
Ni-Nb-B-C,  Nl-Mo-B-C,  Nl(Cu)  Mo-B-C,  Co-Al-Zr  and  Co-Si-Tl),  or  their 
oxidation  behavior  proved  to  be  very  poor  early  in  the  Investigation 
(Nl-Si-V,  Co-Sl-V  and  Fe-Si"V);  In  addition,  two  eutectics  (Nl-Cr-Rf  and 
Fe-Cr-Ta)  were  expected  to  have  a very  high  density,  estimated  to  be 
larger  than  10;  one  eutectic  (Co-Cr-Sl)  was  not  fully  investigated  because 
Its  divorced  micro  structure  would  not  be  amenable  to  directional  solldl'* 
flcatlon.  The  alloy  compositlcna  prepared  are  listed  In  Appendix  A of  this 
report.  The  results  obtained  In  the  experimental  screening  are  summarized 
In  Table  6.  In  the  following  sections,  data  are  presented  for  each  alloy 
within  the  three  categories:  nickel,  cobalt  and  Iron-base  alloys. 
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V-1.  NICKEL-BASE  ALLOYS 


A.  M-Akll 


In  this  alloy  ayataia,  a thrae-phaae  Mi^Al'*Nl2TiAi  - Nl^Tl 
eutectic  of  composition  73.9Nl-5.7Al-19.4Tl  (in  wt  7.)  had  been 
Investigated  in  soma  detail  in  a previous  atudy^^^ . In  the  present 

i' 

experimental  screening,  samples  were  prepared  in  an  attempt  to  identify 
a pseudo -binary  eutectic  expected  to  occur  at  81.6Ni-5.lAl-13.3Ti 
(in  wt  %),  according  to  a preliminary  study  of  the  Ni.Al-Ni^Ti  phase 
diagram<27). 

Such  samples  were,  however,  found  to  present  a eutectic  which, 
by  its  mlcrostructure  (shown  in  Fig.  4a)  and  its  measured  composition 
74  Nl-  6 A1  Al-20  Ti  (in  wt  %),  turned  out  to  be  the  three-phase  eutectic 
studied  previously. 

This  eutectic  was  found  to  have  an  oxidation  rate  of 
•fi  2 4 t 

3.9  X 10  g /cm  .sec,'  considerably  fast:eV  than  that  of  the  standard 
Cr202-formlng  alloy  Ni-3dCr  (Fig.  5).  The  mode  of  the  oxidation  attack 
is  compared  to  that  of  Ni-30Cr  and  the  developed  eutectic  Ni-2.5Al-19.7Hb-60r 
in  Figs.  6a  to  6o.  The  simple  binary  alloy  Nl-30Cr  forms  a uniform,  mainly 
adherent  scale  of  Cr202>  with  some  grain  boundary  penetration.  Some  voids 
are  also  visible  in  the  alloy  in  Fig.  6a,  which  are  possibly  Kirkendall  voids 
resulting  from  the  diffusion  of  chromium  from  the  alloy  to  the  scale.  The 
Ni-Al-Nb-Cr  eutectic  forms  a protective  scale  which  spalls  extensively  on 
cooling.  Fig.  6b  shows  only  remnants  of  the  external  scale,  and  some 
preferential  internal  oxidation  of  the  aligned  phase.  The  oxidation  of  the 
H1-6A1-20T1  alloy  was  more  rapid  than  that  of  these  other  two  alloys,  but 
the  mode  of  attack  was  quite  uniform,  and  therefore  predictable,  with  one 
phase  of  the  eutectic  being  preferentially  oxidized,  as  shown  in  Fig.  6c. 

B-  N-1"A1-Zr 

In  a previous  Investigation a pseudo-binary  eutectic 
NijAl-NlZrg  of  composition  75.3NI-7.4  Al-17.3  Zr  had  been  identified  in 
this  alloy  system.  Some  work  on  this  system  has  been  carried  out  in  the 
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riG.  6a.  Ni<30Cr  OXIDIZSD  70  ht‘.,  FIG.  6b.  Nl-2.SM-19.7Nb-6Cr  OXIDIZED 
X200  50  hi:.,X400 


<■  il 


' .■  h '" ■■  ■■./.■■  ri X .'■ 

■■'  •"■  .Ajasg!..,,-  F W/i-.V, 1*«  . .'  \Vn;.v5  4« 

FIG.  6e.  Nt-37Cr-881  OXIDIZED  77  hr.,  FIG.  6f.  Ni-4.6Cr-41.2Ti  OXIDIZED 
XlOO  2 hr.,  XlOO 
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present  itudy  in  an  attempt  to  datact  a thraa-phaaa  autactic.  Alloy 
compoaltlona  pripared  ahowad,  however,  the  eutectic  (Fig.  4b)  mentioned 
abova,  between  N1 "rich 'dendrite a. 

Ita  melting  point  (1190  C),  waa  found  to  be  below  the  1200  C 
objectlva.  No  further  experimental  acreeplng  waa  therefore  carried  out 
on  thla  alloy  ayatem. 

aeQ  2 4 ^ 

A perabollO  rate  of  4.65  x 10  g /cm  .aeo  wee,  however, 
detemlnad  In  oxidation  teat  of  a aanple  of  compoaltion  Nl-12  Al-6  Zr. 

Thla  appaara  to  oorreapond  to  promlalng  oxidation  behavior,  Pig.  5,  bdt 
examination  of  the  mlcroatructuro  after  oxidation  ahowed  preferential 
attack  of  the  eutectic  phaae  with  complete  penetration  of  the  apeclmen 
thlcknaaa  (0.2  cm)  In  placca  after  16.5  hra.  (Fig.  6d). 

G. 

In  thla  alloy,  the  Ni'Sl  binary  phaae  diagram  preaenta  four 
different  euteetlca.  Only  that  having  the  highest  Nl  Content  (88.5  wt%) 
waa  considered  for  the  construction  on  the  ternary  phase  diagram.  An 
Initial  alloy  compoaltion  of  16  Ni-681-18  T1  and  two  furthar  oompoaltiona 
were  prepared.  No  eutectic  x;aa  Identified  In  these  samples.  In  the  micro* 
structure  of  the  76  Nl'6  81*18  Tl  (in  wt  %)  alloy,  shown  In  Fig.  4c,  an 
Intarmetalllc  phaae  appears  to  undergo  a periteotlc  reaction  In  the  nickel 
rich  matrix. 


D. 


The  eutectic  Identified  In  this  system  is  shown  In  Fig.  4d,  with 
some  Nl-rlch  primary  phase.  As  It  was  expected  thet  the  vanadium  would  cause 
this  system  to  have  poor  oxidation  resistance,  a sample  of  this  alloy  was 
screened  in  a preliminary  oxidation  test.  It  was  found  that  after  exposing 
the  sample  at  1150  C In  static  air  for  25  hours,  the  measured  weight  gain 
was  900  mg/cm  , making  this  eutectic  inappropriate  for  the  application 
envisaged.  As  a consequence,  no  further  work  was  performed  on  thla  system. 

A similar  approach  was  utilized  for  the  eutectics  Identified  In  the  Co'Si'V 
and  Fe*81*V  systeme  (see  the  following).  These  systems  were  also  found  to 
have  u low  oxidation  performance. 


HidSsM. 


No  •utactlo  wai  obsarvad  In  tha  aamplaa  of  dlffarane  coopoiltiona 
praparad  for  tha  acraanlng  of  thla  alloy.  A two**phaaa  nicroctructura^ 
probably  NijiSi  in  a N1  (Cr)  matrix^  was  obtainad  In  Chpsa  aanplait  aa  shovn 
In  fig.  7a.  ' ' ^ ■ 

6xidatibn  taating  of  a Ni>^37  Cr-6  fl  alloy  iddicatad  a alpp 
oxidation  rata  (fig.  3)  of  B.94  x lo'^^g^/cn^.a, , . ^t  a VAty  bhavib  at^^ 

Ai  ahovb  In  Fig,  6a,  nalthar  phiaa  waa  attbchad  i^rafarantlatly'V  and  no<  aub’< 
aurfaea  attack  vaa  nbtad.  Tha  cuap*‘llka  Irragularitiai  in  tha  oxidikad 
aurfbea  vara  auggaativa  of  attack  by  a moltan  phaaa. 

V.  HtrSi-K 


In  tha  eonatruetlon  to  pradict  a autactic  in  tha  tarnafy  phaea 
biagran,  only  tha  Ni  rich  (62.5  wt%  Hi)  autactic  vaa  conaldarad  aatong  tha 
3 autectica  axiating  in  tha  Ni^Ti  binary  ayataa. 

A autactic  haa  baan  thua  idantlfiad' in  tha  couraa  of  tha  axpari* 
nantal  acraanlng,  Ita  oMlting  tanparatura  haa  baan  OMiaaurad  aa  baing 
1220  C,  Tha  ipMaaurad  autactic  eonpoaition  vaa  found  to  ba  54.2  Ni“4.6 
Cr-41.2  Ti  (in  «t  I).  A aampla  of  that  compoaition  vaa  praparad  to  axpori- 
aiantally  confirm  thia  analyaia.  Tha  raaultlng  microatructura  voe  obaarvad 
to  ba  compoaad  only  of  autactic  aa  ahovn  in  Fig.  7b.  In  thia  paaudo-binary 
autactic,  tha  minor  phaaa,  likaly  to  be  Nl^Tl,  oocupiaa  about  30%  of  tha 
total  volume,  in  a matrix  of  Ml  (Cr).  Tha  malting  point  (1220  C)  la 
aignifioantly  lover  than  that  of  Ni^Al-Ni^Tl  (about  1300  C,  aa  reported  in 
Rafaranca  27)  or  that  of  Ni'^Al^Ni^Nb  (1270  c,  Reference  6). 

Oxidation  teata  vara  carried  out  on  a aampla  of  compoaition  54.2 
Mi-4.6Cr-41.2Ti  praaantlng  a primary  Ni(Cr)  phaaa.  Prafarantial 
attack  of  tha  autactic  phaaa  vaa  noted,  at  o non-parabolic,  rapid  rate  aa 
ahovti  in  Fig.  3.  Hovavar,  tha  rate  of  attack  tanda  to  alov  dovn  and 
bacoma  more  uniform  in  character  vith  time,  vhich  may  be  aaaoclatad  vith 
the  development  of  a sone  depleted  in  eutectic  (vhita  cone  In  Fig.  6£) . 
banuath  tha  band  of  intarnal  oxide.  Tha  Ni-Cr-Ti  autactic  appaora  to 
offer  promiaing  propertiaa  in  tanna  of  ita  malting  tamparatura,  micro- 
atructura,  and  danaity,  if  ita  oxidation  raalatanoa  can  ba  improved. 
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ETCHID,  9OH26-5H2O2-5HF  (VOL) 
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FIO.  7c.  Ml-30.3Cr-8.9Hf  X500 

ITCHED,  62U2O-8HM03-15HF-15H2804  (VOL) 


FIO.  7d.  Ml-3SMb-lOCr  X500 

ETCHED,  62H2O-8HMO3-I5H28O4-I5HF  (VOL) 
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0.  Wl-Cr»Hf 


B«i«d  on  caloulationf  mad*  In  a pravloua  atudy'  \ a quaal- 
binary  eutaotlc  reaction  haa  been  anticipated  In  this  aystem  to  take 
place  at  13|7  C for  a coa^^ooition  60.8  Ni^SO.S  Cr-S.B  Hf  (.¥%%)•  A sanpLe 
heying  that  donpo'sitlon  obaarved  to  present  Oh ly  a aoaii 

portion  of  ejntee  tie  between'  the  Hi(Cr)  primary  phase,  a a shown  in'fiili;.  7c, 

In  Order  to  approximate  more  closely  the  eutectic  composition,  ijf  contents 
higher  then  15  to  20  wtX  Hf  were  foiihd  necessary.  Such  Hf**leya|e  woyld 
raisa  the  alloy  spsoiflo  gravity  to  calculated  valuaa  of  the  order  of  10  to 
II  g/em  . This  was  thought  to  be  a serious  handicap  in  view  of  the 
seronautical  application  enviaagsd  so  that  no  further  Identification  of  tha 
euteotio  was  carried  out,  The  oxidation  rasiatanca  of  a 60.8  Ni-BO.S  Cr'‘8.9 
Hf  (in  WtX)  waa.  however,  tested  indicating  a relatively  slow  rate  (fig.  3). 
but  an  extensive  internal  oxidation  of  the  Hf*rich  phase,  (Fig.  8e). 


H.  sirSidak 

The  Ni*0r"Nb  phase  diagram  haa  been  reported as  presenting 
a pssudc'binary  Ni2Hb’‘NbCr2  eutectic  at  a composition  of  about  55  Hi*3S 
Nb-IO  Gr  (wtX).  A aample  Of  that  oompoaitlon  presantad  the  micro a true turn 
shown  in  Fig.  7d,  which  shows  euteotte  between  Hl(Cr)  dendrites.  Further 
compositions  allowed  the  eutectic  to  be  approximated  more  cloaely,  ao  that 
its  chemical  composition  (55  Hi'‘25  Cr-20  Nb)  and  its  melting  temperature 
(1190  C)  could  be  measured. 

Oxidation  teats  of  a sample  very  close  to  the  euteotio  composition 

“9  2 1 4 

indicated  a non “parabolic  rate  of  the  order  of  10  g /cm  .a.  with  extensive 
internal  attack,  which  appeared  as  holes  rather  than  internal  oxide,  which 
were  cusped  ao  If  a molten  phase  had  been  present  (Fig.  8b). 


The  Ml-Hb“B“C  system  wee  found  to  present  a eutectic  phase,  shown 
between  islands  of  Ni-rich  primary  phase  in  Fig.  9a.  The  eutectic  temper* 
ature  waa  determined  as  being  1100  G,  too  low  compared  to  the  objective  of 
1200  C.  No  further  work  was  carried  out  on  this  system  as  a result. 
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FIG.  8c.  Co-35Cr,  0X1DI2BD  50  hr.,  FIG,  8d.  CoTaC,  OXIDIZED  51  hr.,  X50 
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FIG.  8*.  Co-l?.lAl-5.7Zr,  OXIDIZED  FIG.  8f.  Co-30Tl“l0Bt , OXIDIZED 
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FIG.  10*.  Co-12Al-S.8Zr 
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The  Nl'Mc-B-C  phase  dlegren  hea  been  studied  prevlously^^^’^^^ . 
Samples  of  that  system  prepared  for  the  present  Investigation  were  observed 
to  preaent  a eutectic  phase.  A micrograph  Illustrating  the  multiphase 
structure  with  needles  of  borooarblde  is  shown  in  Fig.  9b.  Small  cracks 
can  be  seen  running  through  a three-phase  structure.  The  eutectic  temper- 
ature wee  measured  (1040  C)  as  being  too  low  for  the  system  to  be  ooneldored 
further  in  the  present  study.  This  low  melting  point  is  probably  due  to  the 
higher  affinity  of  boron  for  nickel  than  for  molybdenum,  resulting  in  the 
formation  of  a low  melting  point  Nl-B  eutectic.  A olmilar  problem  would  be 
encountered  with  analogous  systems  based  on  cobalt  or  iron.  Small  amounts 
of  copper  were  added  to  the  Hi-Mo-B-C  alloy  system,  because  it  considerably 
decreases  the  affinity  between  nickel  and  boron.  This  resulted  in  raising 
the  measured  eutectic  temperature  from  1040  to  1130  C.  This  still  too 
low  temperature,  together  with  the  necessity  for  the  copper  addition  render 
this  system  unattractive  in  viaw  of  ths  application  envisaged  in  the  praaant 
study.  As  a consequence  no  further  work  was  parformad  on  this  system. 

v-2. 

A.  co.:Aia.y, 

In  this  alloy  system  a eutectic  hae  been  Identified  with  the 
lamellar  structure,  shown  with  some  Co-rich  primary  phase  In  Fig.  10a.  The 
measured  eutectic  temperature,  1170  C,  was,  however,  too  low  for  this  system 
to  be  considered  any  further.  A specimen  of  the  Co-12. lAl-5.7Zr  alloy 
oxidised  at  a relatively  fast,  almost  parabolic  rate  (.s.  2 x lO'^g^/cm^s, 

Fig.  11).  Two  typos  of  scales  were  formed,  apparently  dependent  on  local 
variation  in  the  A1  or  Zr  contents.  Over  most  of  the  specimen,  the  scale 
was  thin,  and  blue/purple  in  color  while  in  a few  areas,  especially  near  the 
specimen  edges,  the  scale  was  thick,  gray,  but  adherent.  Extenaive  internal 
oxidation  occurred  beneath  the  areas  of  thin  scale,  and  to  a lesser  extent 
bslow  the  thick  scale  (Fig.  8e),  Indicating  very  poor  oxidation  behavior. 
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B.  £a:AklIb 


A eutectic  with  the  lAmellar  morphology,  shown  in  Fig.  10b  with 
dendrides  of  a Co-rlch  phoso  has  been  identified  in  this  system.  The 
eutectic  temperature,  1240  C,  and  the  composl|;ipn,  73.7  Co"3.2  Al~23.1  Nb, 
have  been  measured.  This  result  wee  opaftrmed  by  preparing  a. sample  of 
that  composition,  which  presented  an  exclusively  eutectic  structure,  as 
shown  in  Fig.  12a.  The  volume  fraction  of  the  lamellar  phase  appears  to 


be  35  to  40%.  The  density  of  the  eutectic  was  measured  to  be 
(8.6±p.05)g/cm  . The  eutectic  temperature  is  comparable  to  that, 
of  the  auteotlo  Ni-NijAl-NljNb^^^ 


1270  C, 

The  oxidation  behavior  of  a auteotlo 
sample  was  found  acceptable  with  a uniform  attack  at  a rate  comparable  to 
that  of  a Oo-lO  Cr  alloy  (Fig.  11).  By  oxidising  at  a reduced  oxygen 
pressure  of  8 mm  Hg,  the  oxidation  rate  was  greatly  reduced,  to  baoome  almoat 
identical  to  that  of  the  standard  Cr20^'‘forming  alloy,  Oo"35  Cr.  The  corre- 
sponding ecala  morphologies  for  oxidation  in  100  mm  Hg  O2  and  6 mm  Hg  O2  are 
■hown  in  Figs.  13a  and  13b.  It  appears  that  n smell  adjustment  In  composi- 
tion (probably  an  increased  v'llumlnum  content)  could  significantly  improve  the 
oxidation  resistance  of  this  alloy.  The  an  yet  unknown  Co-Al*Nb  euteutio 
thue  identified  appears  prom'sing  from  the  point  of  view  of  its  mlcrostructuro, 
melting  temperature,  densit>  imd  oxidation  i<^nlstance. 


C.  CO..-AI-TA 


A eutectic  identified  in  this  system  was  found  to  present  the 
microetructurc  illustrated  in  Fig.  12b.  Its  melting  temperature  was 
mtaeurad  ae  being  1290  C and  ita  composition  as  being  67  Co-O.S  A1-32.S  Ta. 
In  the  eutectic  structure,  lamellae  are  visible  between  cobalt-rich  (TaCo2) 
dendrites.  Tho  high  Ta-oontent  of  this  alloy  accounts  for  the  relatively 


high  melting  point  measured,  (1290  C),  which  should  be  compared  to  that 
(1350  C)  of  the  ternary  Nl-Ni3Al-Nl.jTa  autaotlo^*-^^ 


No  eutectic  could  be  Identified  in  this  alloy  system  by  experi- 
mental screening  of  3 samples  of  compositions!  85  Co-3C-12Zr,  81Co-9C-12Zr 
and  73Co-9C-18Zr  (wt  %) . 
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E.  Co-Sl-Tl 

The  construction  to  predict  a eutectic  on  the  ternary  phase 
diagram  was  made  relative  to  the  Co-rich  (87.5  wt%  Co)  eutectic  among  the 
4 eutectics  existing  in  the  Oo-Si  binary  system.  A similar  choice  was 
made  for  the  alloys  containing  Co  and  Si,  l.e.:  Cp-Si-Zr^  tio-Si-V,  Co-Cr-Sl 

(see  below). 

A eutectic  has  thus  been  identified.  Its  structure  is  shown  in 

Fig.  12c.  The  measured  eutectic  temperature,  1135  C,  is  below  the  1200  C 

objective,  so  that  no  further  work  was  carried  out  in  the  screening  of  this 

alloy  system.  The  oxidation  rate  of  a sample  close  to  the  eutectic  compo- 

“8  2 4 

elcion  was  measured  as  being  2.4  x 10  g /cm  ,aec  (Fig.  11).  Selective 
oxidation  of  one  phase  and  internal  porosity  led  to  a very  complex  oxide  , 
structure,  shown  in  Fig.  8f,  which  would  seem  to  make  the  alloy  unsuitable. 

F.  Co-Si -Zr 

In  the  course  of  the  present  experimental,  screening,  a eutectic 
was  identified  in  this  system  with  a measured  melting  temperature  of  1240  C. 
The  eutectic  composition  was  analyzed  as  being  82.5Co-4.56i-13Zr.  A sample 
prepared  with  this  composition  showed  the  regular  lamellar  eutectic  structure 
illustrated  in  Fig.  12d.  The  density  of  the  eutectic  wae  measured  ae  being 
8. 10+0.05g/cm^. 

Oxidation  tests  were  carried  out  using  a specially  cast  eutectic 
ingot.  The  rate  moasurad  for  that  sample  was  1.2  x 10  ^g^/cm^.s.  Prefer- 
ential oxidation  of  one  of  the  eutectic  phases  took  place,  leading  to  a 

relatively  uniform  layer  of  Internal  oxide  as  shown  in  Fig.  13c.  In  con- 

2 

trast,  a Co-4.6Sl-17 .4Zr  alloy  oxidized  at  a slower  rate  of  7.74  xlO'^^g  / 
Cm'^.eec  (Fig.  11).  Areas  free  of  eutectic  were  present  in  this  alloy,  and 
these  formed  uniformly  thick,  adherent  CoO-type  scale  with  no  subscale, 
whereas  the  eutectic-containing  areas  formed  a thin,  grey  scale,  and  a 
subscale  of  Internal  oxide  resulting  from  preferential  attack  of  the 
eutectic  (Fig.  13d).  The  apparently  beneficial  effect  of  an  increase  in 
zirconium  content  from  13  to  17.4%  Is  therefore  thought  to  be  related  to 
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these  differences  in  alloy  nlcrostructuve  rather  than  to  Indreaaed  airoonlum 
content  per  se.  This  as  yet  unknown  eutectic  identified  in  Co-Sl^Zr  appears 
promising  from  the  point  of  view  of  its  microatrvicture,  melting  temperature, 
density  and  oxidation  resistance.  'I 

G.  fiscal;! 

The  eptedtic  Identified  in  tha  iqreen^^^  this 
In  Fig.  14a,  with  some  Co-riCh  primary  phaae.  Ita  ulcrostruotura  la  similar 
to  that  of  Ni-Si-V.  A preliminary  teat  eatablished  that  the  okldatlon 
(800  mg/cm  weight  gain  after  25  hra  at  1150  G in  atatic  air)  of  thle  alloy 
waa  catastrophic,  as  was  the  case  for  Ni‘>Sl‘*V,  due  to  the  preaenoe  of 
vanadiuffli  No  further  work  waa  therefore  performed  on  this  ay  a tele. 

H.  fiazCirll 

The  eutectic  identified  in  this  aystem  appears  to  have  a divorced 
micros trnc.turq  ahpyn  betyeen)  Co(Cr)  denilritaa  In  Fig.  14b,  making  this 
eutectic  not  amenable  to  directional  solidification.  No  experimental 
screening  waa  therefore  carried  out  as  a result. 

The  oxidation  rate  of  a sample  close  to  the  eutectic  compoaltlon 
was  found  to  be  slow,  2.47  x lo'‘^^g^/cm^.aec  (Fig.  11)  with  grain  boundary 
penetration  which  waa  very  limited  after  18  hrs  exposure.  Fig.  I3e,  but 
which  was  extensive  after  77  hra.  The  scale  on  this  alloy  spalled  almost 
completely  on  cooling. 

I.  Co»Cr"Nb 

A eutectic  phaae  has  been  identified  in  this  alloy  aystem  in  the 
course  of  the  present  Investigation.  Its  lamellar  microstructure  is  shown 
in  Fig.  14c,  between  dendrltos  of  a Co-rich  primary  phase.  The  eutectic 
melting  temperature,  1280  C,  and  composition,  70.5  Co-16.5  Cr-11  Nb,  have 
been  meeaured.  Compared  to  the  eutectic  identified  in  Ni-Gr-Nb  (aee  above), 
the  present  eutectic  has  a much  higher  melting  temperature  (1280  against 
1190)  and  la  richer  in  the  matrix  element  (70.5  Co  egainat  54  Nl).  Tha 
apeoifio  gravity  of  the  Co-Cr-Nb  eutectic  waa  measured  aa  baing  8.5Gi0.05 
g/cm3, 
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In  oxldatlM  •itUc'tU.  van  oba«tv«d  to 

undergo  « uniform  ettecik  wlch  <(cily  plight  prefertntial  oxld«tlon»  «t  a 
parabolic  rata  of  6.47  x 10  g /(oni  .t«c«  (laa  1^1g«  11).  Tha  fom  of  tha 
oxidation  atack  la  vary  alnllar  to  that  of  the  developed  alloy  CoTaC 
(Fig.  13£).  The  raeaon  fbr  t;ha  differtaoi  in  oxidation,  rates  between  this 
alloy  and  CoTaC  are  not  evident  without  further  itiveitlgatloa. 

Ihla  Idantiflad  antactl.o  la  therefova  pronlalng  by  Ite  mlcro'- 
atruoturar  Mltiag  baBparatura»  danalty  and  oxldaUon  raaiatahca* 

j, 


Meaiuratnenta  of  melting  temperature,  1340  C,  end  coapoaltlon,  , 
Co-12.2  Cr-27.9  Mot  have  been  made  on  the  eutectic  Identified  in  this 
system  by  the  present  study.  A apeclal  casting  prepared  on  the  k.^ala  of 
tha  measured  eutectlo  composition  presented  the  lamsllar  nlcrostruo6ure 
shown  In  Fig.  14d.  It  appears  to  be  charactarlstlc  of  a psaudo-blnary 
autactlo,  conpoaad  of  a Mo^Co  phaao  In  c Co(Cr)  matrix.  Tha  deit.slty  of 
tha  sutsefclo.  was  found  as  being  ra  1st Ivfly  , high,  8^9iP'»lc  due  to  the  high 
content  in  molyb^ehun.  A samplu  'of  eutectlo  eoaposltlon  i»ae  shoim  to 
have  ■ good  oxidation  8'ehavlor  with  e uniform  atteok  At  the  raletlvisly  fast 
parabolic  rata,  of  1.29  x lO^^g^/cm^sec,  (Flg»  11).  Tha  dirk  green-blua 
seals  formed  on  this  alloy  spalled  extensively  In  cooling,  but  appeared  to 
be  elngle -layered  (Fig.  ISa)  unlike  that  formad  on  a Co-lOCr  alloy. 

The  eutectic  identified  In  the  Co-Cr-Mo  alloy  system  appeara 
therefore  very  promlefng  by  its  structuie,  melting  temperature  and  oxidation 
behavior . 


A.  I&ilLiXjL 


A eutectic  Identified  In  this  ayatem  waa  found  to  hava  a malting 
temperature  of  1320  C and  a compoeltlon  of  76.9  Fa-7.2  81-15.9  Tl.  Tha 
eutectic  mlcroetruoturc,  shown  In  Fig.  16a,  probably  Inoludaa  a slllclda 
•uch  aa  Fe38l3. 


ta 


Oxidation  taata  hava  baan  patfomad  on  a tamp  la  of  compoaltlon 
Fa-10  81-22  Tl*  fairly  far  raaovad  fron  tha  autactle.  A ralatlvaly  fait 
but  accaptabla  parabollt  rata  of  about  1.4  x 10"V/c«^*mc*  aaaiurad 
for  tbla  aampU  (Fig.  17).  Tha  axtarnal  aoala  coaplataly  ipallad  on 

crachi  HhioH  davaldtpad  in  tfha  Irhtta-apFaarlttg  81-  anf  Tt-djiavu^ad  «pn«  at  aha 
alloy  aurf 0a.'  I':  v . ■ 

'*•  ‘XftJMJL  ' 

Tha  praaant  axparlaantal  aojcaanini  haa  panilttad  tha  Idantifloatlon 
of  a autaotld  In  this  alloy.  Tha  auteotie  ooapoaltlon  haa  i>aan  naaaurad  to 
ba  77.9  ta-7. 981-14. 2gr(wtX).  Ita  nleroatruoturat  tdgathar  with  Fa-rlch 
dandriui,  la  ahown  in  Fig.  16b«  Both  eonpoaltlon  and  i true tura  art. 
cowparabla  to  thoaa  of  tha  Fa-81-Tl  autactle  daacribad  aboya.  Tha  naltlng 
taiaparatu ;«  haa  baau  Maaurad  In  tha  Fa-Sl-Zr  autaotlo  aa  balng  1310  0. 

Tha  Invaatlgatlon  of  tha  oxidation  bahavlor  of  a Fa-581-20Zr 
aaapla  Indleatad  that  cataatrophlc  oxidation  (Fig*  17)  Inltlatad  aftar 
only  about  20  nlnutaa  of  axpoaura.  Tha  rapid  attack  appaarad  to  ba 
aaioclatad  with  tha  oxidation  of  Inhomoganaltlaa,  poaalbly  2r-rlch,  In  tha 
alloy  (Fig.  ISc).  Tha  oxidation  bahavlor  of  tha  autactle  araai  of  tha 
ipaclaani  appaarad  uniform  and  not  axoaiilvaly  rapid. 


C.  UziLiX 

Tha  praaant  work  ravaalad  tha  axlatanca  of  a eutactic  in  thla 

lyatam.  In  vlaw  of  tha  praianoa  of  vanadium  In  thli  alloy,  Iti  oxidation 

bahavlor  wai  axpactad  to  ba  vary  poor.  Ai  a coniaquanca,  a rapid  oxidation 

taat  wai  parformad  on  a aampla  clean  to  tha  autactle  compoaltlon,  aa  waa 

dona  for  N1-81-V  and  Co-81-V.  A comparably  low  oxidation  raalatanoa 
2 

(800  mg/cm  weight  gain  aftar  25  hra  at  1130  C In  atatlc  air)  waa  found. 

No  further  work  waa  parformad  on  thla  ayatam  aa  a raault. 


Mu  autactle  haa  baan  found  in  either  of  thaaa  ayatama  aftar 
axparlmantal  acraanlng  of  a range  of  compoaltlona. 


A cutActlc  phase  In  Fe'Cr-Ta  has  bean  idantiflad  In  the  ooursa 
ol  the  present  Investlgatlun.  A sample  o£  composition  60  Fa-25Cr**lSTa 
(in  wt  X)  is  shown  in  Fig.  16o.  It  appears  to  be  composed  of  an  Iron-riqb 
primary  phase  separated  by  eutectic.  As 'this  eutectic  was»  ho«^ever« 
expected  to  contain  over  30  wt  X Ta  ai^d  thus  have  a high  density  <10  to  11) 
no  further  measuretMHt  was  undertaken  on  the  eutectic. 

The  oxidation  resiatance  of  a sample  in  this  system  having  the 
composition  <F*<‘2l.7-Cr-13.3Ta)  has  been  investigated.  The  specimens  used 
were  not  homogeneous,  and  the  rapid  oxidation  rate  indicated  in  Fig.  17 
resulted  from  either  the  rapid,  complete  oxidetion,  or  the  melting,  of  a ' 
large  inclusion  of  unknown  cCmposition.  No  obvious  low  malting  phases  ere 
epperent  in  the  eveileble  Fe-Ts  or  Cr*Te  phase  diegrems. 


In  this  progrem.  107  alloy  eys terns  conteining  Ni'.  Oo  or  Fe  as 
matrix  and  two  othar  conatituenti.  hava  baan  avaluatad  on  the  basis  of 
tha  available  data.  52  of  those  have  baan  salaoted  for  experimental 
aoraaning.  out  of  which  26  alloy  nystama  could  ba  investigated  axpari- 

f 

mentally.  Twenty-two  suteotioa  were  then  identified,  out  of  which  5 es 
yet  not  Investigeted  eutecclce  were  found  to  heve  potentlel  for  uae  in 
gas  turbine  blades. 

These  autactici  are: 


Ni-Cr-Ti 
Co-Al-Nb 
Co-Si -Zr 
Co-Cr-Nb 
Co-Cr-Mo 


Eutectic 

temperature 

(C) 


Eutectic  coupocition 
(wt  X) 


Oxidation  rate 
at  1150  C in  100  mm 

Hg  02 (g2/cm^.«.) 


54.2-4.6-41*2 

o 

OB 

i 

73.7-3.2-23.1 

lO"^  1 

82.5-4.5-13 

70.5-l8.5-U 

6.5  X lO"®  i 

39.9-12.2-27.9 

1.3  X lo"®  1 

r^ir  yntsi'  yaw*-., 
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Theid  Quter.tlci  w«rt  found  to  prntent  a nlcroatruoturo  ananabla 
to  dltectlonal  solidification.  Thalr  melting  point  neats  the  1200  C 
objectives » as  they  are  In  fact  all  above  1220  C.  Thalr  naasutad  oxi- 
dation behavior,  already  comparable  to  the  advanced  alloy  Co-20TaC**15Cr- 
8.5N1-6W  (wt%),  could  still  ba  significantly  Inprovad  by  compositional 
adjustnent,  such  as  higher  Al  oontanta  In  the  po-Al-Nb  alloy  and  by 
optlnlaad  Cr  levels  In  the  other  alloys. 

Further  vork,  using  the  sane  exparinantal  approach,  should  be 
carried  out  to  conplete  the  present  research  program  within  Its  initial 
scope  and  objectives  In  order  to  identify  additional  new  syatams.  the 
screening  should  be  focused  on  the  24  alloy  sys tana  selected  but  not 
experimentally  investigated  in  the  present  study  for  lack  of  time. 

Further  systems  should  also  be  screened,  based  on  a HI  or  Oo  matrix  re- 
inforced by  a hardening  phase,  such  as  Nl^Al,  and  a refractory  oompouljd, 
such  as  carbides  (Ta-C,  Ti-C,  Ho-C,  Zr-G...),  nitrides  (Ta-i;,  tl-N,...), 
silieldas  (Ta-Sl,  Nb-81,  Ti-Sl,...)  and  mixed  compounda,  such  ae  carbo- 

■ 4 avaMnla.  UA..I.  <4  n haS  ShOWn  thSt  SUUh 


sillcldea  for  example.  Recent  work  In  this  area'  * 
systems  have  merits  for  the  application  considered. 
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Uit  or  ALLOY  COHPOlITlONIi  rREPAKCD  IN  THE  PRESENT  ALLOY  SOREBNXNO  STUDY 


XUoy  Cc«po»itlon«  But*otlc  ©biwrvcd 


NICKEL-BASE 

Nl-AX-Ti 

80. B-  < 

-13.5 

' 

79  - « 

-15 

y«i 

L 

1 

75  - « 

-19 

y*s ' 

Ml-Al-Sr 

83  -13 

- 6 

y«fl 

• 

75  -16 

- 9 

y«« 

Ml-Sl-Tl 

78  - 8 

-16 

no 

70-8 

-24 

no 

70  -13 

-18 

no 

V 

m-Bi-v 

70  -28 

- 4 

yte 

Ml-Cr-SA 

59  -32 

- 9 

no 

1'  1 

1 

55  -37 

- 8 

no 

53  -18 

-15 

no 

C.J 

^ Hl.“Cr-Ti 

60  -20 

-20 

y«» 

53.7r29 

-17.3 

yoi 

[ 

54.3  'A. 

6-A1.2 

•utnotlo  oompoBltlon 

u: 

1 Hi-Ct-Hf 

80,8-30. 

3-  8.9 

y«» 

85  -25 

-10 

yon 

".l 

55  -30 

-15 

y«a 

Ni-Cr-Nb 

44,1-42 

-13.9 

' y«B 

80  -38 

-14 

yoa 

55  -13 

‘20 

yaa 

Nl-Nb-B-C 

65  -13 

- k,.l-0.9 

yaa 

. 

80  -10 

- 1. 2-0,6 

yae 

Ni-MO-D-O 

85  -31 

- 2. 1-1, 9 

yaa 

1 

86  -20 

-.2, 1-1.9 

yaa 

: 1 HI(CU)-MO-D-C 

83-5 

-28-a«14.9 

yoa 

li.' 

j CO-QASE 

1 ) 

CO“Xl“Er 

80.5-11 

- 8.5 

yof. 

, 

1 

62,3-13 

- 5,8 

yaa 

■ 

! Cp“Al~Nb 

74.8-  2. 

7-22.5 

yaa 

i- 

75.8“  2. 

5-21,7 

73.7“  3. 

2-23.1 

autaotlo  oompoaltlon 

! CO“Al~Ta 

64,2-31 

- 4.8 

yaa 

! 

67,8-28r7-  3.5 

yaa 

CU“C-Er 

85-3 

-12 

no 

1 

81-9 

“12 

no 

r 

73-9 

-18 

no 

CO-Si-Ti 

60  -10 

-30 

yofi 

70  - 7.5-22.5 

■yaa 

76-7 

-XB 

yaa 

80-5 

-15 

yaa 

CO-Si-lir 

78  - 4. 

6-17.4 

yaa 

80-5 

-15 

yaa 

82. r>-  4. 

,5-13 

outoot.io  oompolUtiop 

Co-8i-V 

68-4 

-30 

yoa 

70-4 

“26 

yea 

1 Co-Cr-81 

55  -35 

“10 

yoa 

70  -25 

5 

55  -40 

- 5 

yoa 

1 Co-Cr-Wb 

55  -19, 

5-25,5 

y«ii 

...I 

65  -17 

-28 

yoa 

Co-Cr-Mo 

65-7 

“28 

yea 

63-7 

-30 

yofi 

60  -12 

-28 

autaotlo  ooitipoaltlon 

tmrnUiJJSmikm^ 


AXloy 

COMpot.'.cion 

<Mt%) 

Butectlc  <>bsarv«d 

, 

W-15  -25 

yt 

M-10  -22 

: y*« 

70-10  -20 

y«a 

75-5  -20 

y«* 

63-30  - 7 

y«a 

6S-2»  • 6 

y«» 

ft-Ct-Tl 

60-  3 -35 

AO 

70*15  -25 

no 

80-  5 -15 

no 

fe-Cr-It 

71-  • -20 

no 

63-13  -20 

no 

63-  9 -26 

no 

65-21.7-13,3 

yai 

60.25  -13 

y«i 

liU 


i 


w. 


I 


0 

0 

0 

0 

[J 

u 

0 
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AtPgRD^X  B 

auMMY  or  oximioM  behaviok  at  uso*c  m too  m ng  oxyobh 


Alloy 

Numbar 

Alloy 

Connooition 

Oxidation  Rato 

*•  9 aiA  aal 

kj^(g*cm  %cc 

A 

0o>3S0r 

*.75xl0lJ^ 

B 

Oo"10(!r 

1. 11x10 

0 

Ml*300r 

2.68xlO“li 

BOL-l 

Co«2tt40“12Qf 

1.29x10’® 

Ml>2 

Co-23,  U(b‘3.9Al 

Not  parabolic, 'rata 
atmllar  to  Ali,oX  B, 

WBl-'i 

Mi-2S0r-2UMb 

Not  parabolic,  rata 
almllar  to  Alloy 
Bttt-S 

»iSL-4 

HI  *42.  in -4.60c 

Not  parabolic, 
alowar  bhan  BCL-1 

m-s 

Co-l7.4?.r*4,6gl 

‘7.74x10’® 

BOL-f 

Co-aOW-lOgl 

4.42x10*® 

BOL-7 

Co-400r-3Sl 

2.47x10*^^ 

BQL'B 

Hl-37Cr-89l 

8.94x10’^^ 

»CL>9 

Co-ie.SCr-llNb 

6,47x10*® 

BOL-10 

Co-132r-4.58t 

~1.2xl0’^ 

BOL‘11 

NI-6A1-19TI 

.-3.9x10*8 

BCL'-IZ 

Ni-l2Al-62r 

4.65x10“'’ 

BOt-13 

Nl-30.3Cr-8.9Hf 

3. 7 lx  10’ W 

DO)li-U 

Co-12, Ul-5.72t 

~2xl0*® 

BOt-15 

Va-l081-22n 

-1.4x10“8 

BOL-16 

Fa-20Zr-Sfll 

- 

B0L<17 

Fa-21. 7Cr-13.3Ta 

- 

B0L*18 

Nf.-2.3ai-19.7Nb- 

6Cr 

Riwurfci 


VoniB  contlui;\f>u*i  |ptfi»t«(itlvi*,OrAO.  tlln. 
7on*a  nonpvotAotlv«i  Cp^rtoh  loIliBi 
roniK  contlnuoui»  prottotlv4  OtjOj  <ilm> 

MQiitly  unKorii  ateack  but  letM  «vid«ne.f' 
pc  aootUmud  local,  abtpokk  HonadUatapt 

. tea  14. 

Untfona  attach,  Utpla  praCbvaptial 
panattatiPn. 

axtaualva  Intarcal  Attack,  v.hgaaattva 
of  Molten  phacai 

Alloy  not  hotaoianaoua . Whara  alngla 
phaaa  (or'^rlcM))  ptotaotlv<n  bahaViot, 

Whara  autachlo  praaant,  rapid,  unavan 
actaokt 

Alloy  not  haaMganaouc  vhara  alngla  phaaa“*Vi. 
unlCom  but  rapid  nttaeki  Whara  autoetlc 
praaant,  prafarantlal  but  not  cataatrophlc 
attack  of  autaotlo>  All  acala  adhared. 
RoUtlvaly  unlfom,  but  rapid  attaok. 

Alloy  oontalna  poroilty.  Conplax  oal- 
datlon  produoti. 

Unlfom,  thin  acala,  not  adharant,  locally 
axtanalva  amount  of  grain  boundary 
panatratlon. 

Ixcaptlonally  nonunlfom  attack,  daap  grain 
boundary  panatratlon.  Poaalbly  lurfaca 
liquid  phata  formed? 

V,  unlfom  attack,  no  prafarantUi 
oxidation 

Balativaly  uniform  attack. 

Unlfom  but  antcnalvo  Intarnal  oxidation 
Xntarnal  oxidation,  aavtra  ^n  placaa 
Soaln  not  adharant.  Intarnal  oxidation 
of  Uf-rlch  phaaa  laadlng  to  daap  pana- 
tration. 

Alloy  not  hoatogantoua . Ovar  moat  of 
alley  acala  appaara  to  ba  AUD,>rloh. 

Wat,iht  gain  due  to  rapid  oxidation  of 
2r*rloh  phaaa.  „ , ... 

Yxtarnal  soala  apallad,  RaUtlvaly  unl> 
form  Intvrnal  oxidation  with  foruation 
of  a uniform,  brittla  danudad  layar  In 
alloy. 

Oatawtrophlc  oxidation,  locaUaad  rapid 
panatratlon  of  oxida,  ponalbly  auaoclatad 
with  alloy  Inhomoganaltlaa. 

Alloy  not  komoganaoua.  Ona  phaaa  oxldtaad 
elowly  (Ta*Cr),  ether  oxldlead  rapidly  and 
complataly,  or  poaalbly  naltad. 

Not  parabolic,  alowar  than  tll“30Cr  (which 
forma  protactlve  CroOo  acala),  axtanalva 
scalo  epallatlon  and  Ilnlted  prafurantlal 
attack  of  allgnad  phaae. 


BGL'19 


CO'20TaO“150r* 

e.5Nl"6W 


1.63x10 


Uniform  but  nonadharant  scale,  vary  Uttla 
profatontlal  attaok  of  alloy. 
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